Abstract Materials such as tin (Sn) and silicon that alloy with lithium (Li) have attracted renewed interest as anode materials in Li-ion batteries. Although their superior capacity to graphite and other intercalation materials has been known for decades, their mechanical instability due to extreme volume changes during cycling has traditionally limited their commercial viability. This limitation is changing as processes emerge that produce nanostructured electrodes. The nanostructures can accommodate the repeated expansion and contraction as Li is inserted and removed without failing mechanically. Recently, one such nano-manufacturing process, which is capable of depositing coatings of Sn ''nanoneedles'' at low temperature with no template and at industrial scales, has been described. The present work is concerned with observations of the lithiation and delithiation behavior of these Sn nanoneedles during in situ experiments in the transmission electron microscope, along with a brief review of how in situ TEM experiments have been used to study the lithiation of Lialloying materials. Individual needles are successfully lithiated and delithiated in solid-state half-cells against a Li-metal counter-electrode. The microstructural evolution of the needles is discussed, including the transformation of one needle from single-crystal Sn to polycrystalline Sn-Li and back to single-crystal Sn.
Introduction
Energy storage technology has been identified as an area of national need in the United States [1] ; research in this field takes similar priority all across the world. Energy storage devices, i.e., batteries, are naturally at the heart of the modern, mobile world, but they are also crucial in the push to reduce dependence on fossil fuels [2] [3] [4] [5] [6] [7] [8] . However, fully electric vehicles will require batteries that are significantly more energy-and power-dense if they are to rival the performance consumers have come to expect from gasoline vehicles. Power grids will need improved batteries if they are to load level the generation of wind and solar farms on a large scale [1, 9] .
Before these materials engineering problems can be overcome, two basic materials science questions must be answered: what are the basic mechanisms by which batteries work, and what are the mechanisms by which critical inefficiencies are introduced? Progress in the field of in situ microscopy over the last 5 years has brought materials characterization techniques to the point where these two questions can begin to be fully explored. In situ TEM has become particularly powerful in this regard, especially in relation to Li batteries since model materials can be observed lithiating and delithiating (e.g., [10, 11] ). This paper considers the advantages that Sn offers as a possible anode material, either as the metal itself, as an alloy or as a component of a composite material.
Background review
Lithium alloys had been studied as possible anode materials for lithium-ion batteries (LIBs) even before SONY commercialized the market-dominating carbon-based chemistry in the 1990s, and have continued to generate significant research since [12] [13] [14] because their theoretical specific capacities exceed those of carbonaceous anodes. Compared to Li metal, which was the original anode material of choice for LIBs, lithium alloys exhibit superior cycling performance due to the decreased activity of Li. Pure Li anodes are susceptible to dendrite formation, which ultimately causes a short circuit and (sometimes catastrophic) failure of the battery. Mitigating the activity of Li by alloying it with other elements comes at the cost of both a reduction in cell potential and the extra weight and volume of the alloying metal, which significantly reduces the specific capacity of the cell.
Among the materials that form alloys with Li, elemental Sn has generated considerable interest due to its high theoretical specific capacity of 994 mAh/g [15] relative to many other LIB candidate materials as summarized in Table 1 . The structure of Sn is relatively open-it contains a large amount of space. At room temperature, b-Sn is body-centered tetragonal with a structure that is closely related to the low temperature, diamond-cubic-structured a-phase; actually alloys or 2-phase Si/Sn particles are also being explored [16] . Si nanowires (NWs) [17] and nanoparticles (NPs) have been extensively explored as candidate anode materials but are not economical. The bSn structure is related to the diamond cubic structure by an extreme compression of the latter along the c-direction (with attendant expansion along a and b), with a redefinition of the unit cell such that there are four atoms per cell rather than eight ([100] b || [110] a ). However, neither bulk material nor continuous films of Sn are useful in practice because the large volume change that occurs during lithiation and delithiation causes mechanical failure of the electrode [18, 19] . This phenomenon is not unique to Sn; all Li-alloys suffer from this characteristic [3] .
The effect of mechanical stresses caused by the increase in volume can be alleviated by decreasing the dimensions of the material being lithiated. Both nanoparticles [20] and arrays of one-dimensional Sn nanostructures [21] have been used to achieve this stress reduction; the same is true for Si [22] and Ge [23] . The total stresses that build up during the expansion and the subsequent contraction that occurs during cycling are not so large when the dimensions of the material are small. This reduces the associated stresses and prevents mechanical failure (i.e., delamination from the current collector) [24] . However, the nanoparticle approach is at a disadvantage since it relies on the use of a binder material to maintain electrical contact between the current collector and all of the particles; the extra weight of the binder significantly reduces the gravimetric energy density of such electrodes.
The lithiation of Si has been studied extensively. Liu et al. described in situ TEM experiments on Si NWs, with an emphasis on improving the conductivity and charging rate by carbon coating and phosphorous doping [25] . They found that each individual modification to the Si NWs increased the charging rate by an order of magnitude, and that the effects of both modifications were cumulative. They also identified two distinct steps in the lithiation process; initially the Si NWs underwent solid-state amorphization but eventually re-crystallized in the Si 15 Li 4 phase. The anisotropic lithiation behavior of Si was also highlighted in this study, as the cross-section of the NWs changed from circular to dumbbell shaped; the largest expansion occurs in h110i directions, while the smallest expansion occurs along h111i. More recent work has also related the presence of a carbon ''skin'' or shell on Si NWs to a reduction in the total volume expansion experienced by the wires during lithiation [26] .
The same group also reported on the size dependence of the fracture of crystalline Si nanoparticles, finding that particles with diameters less than 150 nm did not crack or fracture upon lithiation, while larger particles experienced catastrophic mechanical failure [22] . McDowell et al. performed similar experiments on amorphous Si nanoparticles, and reported that particles up to 870 nm in diameter resisted mechanical failure upon lithiation [27] . They also discovered that the rate of the reaction is more constant for amorphous Si than for crystalline Si (in the latter case, the reaction slows down as it proceeds). Similar to the case of Si NWs, Si NP-carbon composites have also attracted considerable interest. For NPs, however, the carbon acts as a support and the sole conduction mechanism (rather than simply facilitating conduction). Reports on Si NPs decorating and contained in C nanofibers [28] and Si NPs enveloped in rumpled graphene sheets [29] have been published recently. In the latter study, the lithiation process was shown to change from isotropic to anisotropic during the reaction, which was attributed to more uniform electrical contact with the NPs provided by the graphene sheets. Good electrical contact with the current collector is one of the main barriers for implementing nanostructured anodes into real batteries. Because it is so closely related to Si, the lithiation behavior of Ge has also been examined in situ in the TEM. A study on Ge NPs found that crystalline Ge is much tougher than Si, with crystalline Ge NPs as large as 620 nm in diameter undergoing several full cycles of lithiation and delithiation without cracking [23] . Similar to the case of amorphous Si NPs, this resistance to failure is attributed to a more isotropic stress distribution at the reaction front. After delithiation, the Ge NPs were observed to adopt an amorphous phase rather than reverting to crystalline Ge. During subsequent lithiation cycles, the particles progressed from amorphous Ge to amorphous Li x Ge to crystalline Li 15 Ge 4 (the same Li content as the fully lithiated phase of Si). In this case, the Ge NPs were attached to the end of Pt rods; more recent work has been done on Ge NP clusters in porous, nitrogen-doped carbon nanofibers [30] , although in this case the lithiation and delithiation behavior of the material was not observed in situ in the TEM. These composite nanofibers were prepared by electrospinning a mixture of polymers with GeO 2 dissolved in water followed by heat treatment at 600°C. The Ge NPs formed by this process were very small, with diameters around 20 nm. Interestingly, some of the delithiated Ge NPs were observed to be crystalline even after several cycles. Because this was an ex situ experiment, the crystallinity of the cycled Ge NPs could be an artifact of the TEM specimen preparation process. Studying the lithiation behavior of Ge NWs, Liu et al. reported that the amorphous, delithiated phase was highly porous, and that in fact the pores tended to remain in the same positions after every delithiation cycle [31] . In a later paper, Liu et al. demonstrated that the lithiation behavior of Ge NWs can be drastically altered by coating the NWs with a thin (1-5 nm thick) layer of Si [32] . They showed that in this material, the lithiation reaction proceeded only axially along the NW (Ge h111i), rather than axially and radially at the same time. Furthermore, the volume expansion was also shown to be almost entirely limited to the axial direction. This phenomenon was explained by the higher chemical potential barrier for Li-ion diffusion at the Si surface. Because there is no such directional preference for Li insertion in Ge, the path of least resistance for a Li ion in this geometry is simply axially down the Ge NW, with surface diffusion followed by radial lithiation through the Si layer being far less favorable. These findings indicate that control over the composition, doping, size, shape, orientation, and surface functionality of nanostructured anodes will impact their performance in real battery applications. Therefore, attention must be given to each aspect of their incorporation on a current collector.
Stepping once more down Group 4 brings the discussion to Sn. Although the stable structure of Sn at room temperature deviates from the diamond cubic of Si and Ge, the b-Sn structure is still very closely related. Indeed, Sn forms intermetallic compounds with Li with many of the same ratios and structures as Si does, however, most processes used to create nanostructures are slow and resource intensive. This is particularly so for nanoparticles of Sn [33] or hollow Sn spheres [34] . The difficulty in using nanoparticles is that they must be supported [35] , even during preparation when using template synthesis [36] , which may negate the advantage of their small size unless they are effectively unconstrained. One approach to achieve this is to support the Sn particles on fibers [20, [37] [38] [39] or even inside fibers [40] , inside carbon shells [41] or nanotubes [33] or inside carbon 'onions' [42] or as C/Sn composite [43] . An alternative is to coat the Sn on a fiber [44] .
A facile, template-free, low temperature, industry-scalable method for preparing nanostructured tin anodes has been patented [21] and described in the literature [45] ; this represents Sn's greatest advantage over Si or Ge, which have higher specific capacities [46] . The approach is to grow Sn NWs using electrochemical deposition thus follows the method used for Si and Ge but with a commercially viable technology. This process has the potential for significantly increasing the energy storage and is not substrate exclusive. A related materials structure has recently been produced by first growing SnO 2 NWs using CVD and then reducing these to produce the Sn wires [47] ; the drawbacks of using this indirect and much more expensive process will be discussed below. The present study reports on the microstructural changes that these materials undergo during lithiation and delithiation as observed through in situ experiments in the transmission electron microscope (TEM); preliminary reports of the lithiation of the materials produced by this novel approach have been given elsewhere [47] [48] [49] .
Experimental
Although the technology has been demonstrated by manufacturing batteries using Sn nanoneedles as will be shown in this report, the detailed mechanisms are still being elucidated. For this purpose, in situ TEM is the instrument of choice since it allows the chemistry and structure to be monitored down to the atomic scale, in principle, under operating conditions, i.e., in an operando mode. A Nanofactory TEM-STM holder was used for the in situ J Mater Sci (2016) 51:589-602 591 experiment, which was carried out in an FEI Tecnai F30 TEM operated at 300 kV. The holder accepts one wire at each end for specimen mounting [11] ; one end is fixed, while the other is equipped with both mechanical motors and piezoelectric actuators so that contact can be made with 3D nanometer accuracy within the microscope. The Sn nanoneedles have been prepared by several routes that are based on the method described in [45] . In general, this involves electroplating the Sn needles onto Cu TEM grids. FIB grids were used originally because the half-grid geometry makes them ready for mounting in the in situ holder as-is, but in terms of specimen economy 400-mesh parallel-bar grids, cut in half after the deposition, are far superior. Bars can be removed from these grids with tweezers, so that one grid actually contains tens of independently testable beams coated in the material. The Sn-plated Cu half-grid, which acts as the working electrode, is then attached to a piece of Al wire, 0.033 cm in diameter, using conductive epoxy; this wire is then used to mount the tin needles into the fixed end of the holder. Next, the holder is brought into a glove box with a dry He atmosphere where freshly cut Li metal is scraped onto a piece of W wire, 0.025 cm in diameter, and mounted into the mobile end of the holder for use as the counter-electrode and reference electrode. A layer of Li 2 O forms on the surface of the Li metal during the seconds of transfer from an air-tight bag into the microscope, and this oxide layer acts as the solid electrolyte.
Once the holder is in the microscope, the motor drive is used for coarse movements to bring the Li/Li 2 O close to the Sn needle that is to be tested. Preliminary images and diffraction patterns are recorded and then the video recording is started; the piezo-drive is then used to make contact between the Li 2 O layer and the Sn needle. The potential applied across the holder is initially set to be 0 V, and is gradually increased to -3 in -0.5 V decrements. When delithiation is successful, the potential is held at ?3 V. Video is recorded continuously throughout this process.
When performing in situ microscopy, the choice of video recording software can have a significant impact on the information contained in the results. Specifically, the available recording frame rates and resolutions depend on the recording software, and if either of these is too low, then information may be lost.
Results
Characterization of the needles before lithiation is summarized in Fig. 1. Figure 1a The diffraction pattern is consistent with the tetragonal bphase of Sn. There was no evidence of significant oxidation of the Sn needles. Small areas of moiré fringes on some of the needles suggested the possible onset of oxidation, but small regions of SnO or SnO2 on the surface of a needle are not expected to have a significant influence on the results of the experiment.
Figures 3a and 4a-d illustrate the progression of the lithiation process. Figure 3a shows a large needle with other, smaller needles branching off it. The Li source is visible at the bottom of the image. In general, the Li sources in these experiments did not show any rapid change due only to the electron beam. Figures 4a-d are higher-magnification images of the small needle that branches off near the base of the large one, near the top of Fig. 3a. In Fig. 4a , the potential is still at 0 V; Fig. 4b shows the needle just after the voltage of -3 V was applied and although it has moved, this is mainly due to the expansion of the large needle as it begins to lithiate. The length and radius of the needle both continue to increase noticeably in each subsequent image until it reaches its final state in Fig. 4h , in which the contrast is lighter and more uniform.
Figures 3c, d compare the entire large needle and its diffraction pattern after the experiment to its state before, as shown in Figs. 3a, b . The large needle and both of the smaller needles branching off of it increase substantially in length and radius between Figs. 3a and 4a ; however, the other Sn structures visible in the top corners of the images, which were not in contact with the Li source and in fact are quite far removed from the needle of interest in the z-direction, did not change throughout the experiment. The spots in the pattern in Fig. 3b are consistent with b-Sn, as expected. The first three rings in the pattern in Fig. 3d correspond to d-spacings of 0.388, 0.238, and 0.204 nm. These plane spacings are close to the expected values for several of the Li-Sn intermetallics, although the fully lithiated Li 17 Sn 4 phase is the best match due to the lack of any rings between the first and second. Figure 5 shows four BF TEM images of a different needle during a lithiation experiment along with the corresponding diffraction patterns taken at key timepoints shown in Fig. 6 . The pattern corresponding to Fig. 5a  (Fig. 6a) was taken before contact was made with the Li source (while the image shows contact being made); the spots match with single-crystal b-Sn and this needle in particular was nearly aligned on the [001] zone axis. The pattern in Fig. 6b was recorded after lithiation, and it differs from the pattern in Fig. 3d in three important ways. First, the rings are not as complete in Fig. 6b suggesting significant texturing of the lithiated material. Second, upon careful examination, rows of spots matching almost exactly with those in Fig. 6a (i. e., corresponding to Sn metal) can be identified. Finally, although the rings corresponding to 0.201 nm and 0.238 nm d-spacings could correspond to nearly any phase, the ring corresponding to 0.261 nm is likely attributable to Li 2 Sn 5 , and other spots and rings are also present that do not match either Sn or the fully lithiated phase. This indicates that the original Sn structure has been partially preserved during lithiation, and that in this case the needle was not driven to the fully lithiated Li 17 Sn 4 phase. Figure 6c represents the biggest surprise of this study. After delithiating the needle at ?3 V, the diffraction pattern returns to that of single-crystal b-Sn, this time oriented almost perfectly on the [001] zone axis (a rotation of just 7.8°about [010] compared to the pattern in Fig. 6a ). The image in Fig. 5d is recorded at a higher magnification to show the Li source material built-up on the outside of the needle after it was delithiated and the two electrodes were detached from one another. The built-up Li went back into the needle under the effects of the beam when the bias was returned to 0 V and the electrodes were separated, resulting in the final diffraction pattern in Fig. 6d . Once again, in Fig. 6d , systematic rows of spots matching (corresponding Table 1 Fig . 4 High-magnification images of the small needle close to the base of the larger needle shown in Fig. 3 , a immediately after the potential of -3 V was applied, b at the onset of lithiation of the small needle, c after extensive lithiation, and d after complete lithiation to Sn metal) those of Fig. 6a , c can be identified, along with spots indicating the presence of lithiated material. Figure 7a shows another needle, which broke when the Li source contacted it, before lithiation. Figure 7b shows the same needle after lithiation. In this case, there is a significant loss of diffraction contrast in the lithiated needle along with the large volume expansion; the reaction proceeded much more quickly on this run compared to the one discussed with Figs. 5 and 6.
Discussion
Inspecting Figs. 3 and 4 , it is obvious that the needles undergo a significant change in volume and crystal structure during lithiation. The large needle, which was in direct contact with the Li 2 O during the experiment, appears to have experienced a larger volume change than the small needle branching off of its base. This observation is consistent with the experimental observation of the branching needle taking more time and a higher voltage to participate in the reaction. It is difficult to quantify the increase in volume because a single TEM image always shows a projection of the specimen. However, as a first approximation, if the linear increase seen in this wire is taken to be representative, then the approximate 19 % increase in the length of the large needle along with a 53 % increase in diameter results in a final volume increase of 178 %. The small needle, which was not in contact with the Li source, experienced only partial lithiation with a 16 % increase in length and a 35 % increase in diameter, or a 111 % increase in volume. For full lithiation, the total volume increase is expected to be 300 % [50] . The difference may be attributable to the very low area of the Sn film that is actually reacting with the Li source. If some of the Li is being driven further into the thick areas of the specimen, then the volume change in the needle(s) of interest will not be as great. The equilibrium phase diagram for the Li-Sn system is shown in Fig. 8 . Li forms many intermetallic compounds with Sn. The fully lithiated compound is generally cited as Li 22 Sn 5 in most of the literature today (e.g., [51] ); however, this does not take into account a series of structural refinements that have been made beginning in 1987 [52] and culminating in a combined X-ray and neutron diffraction study at Argonne in 2003, which ultimately revised the composition to Li 17 Sn 4 [53] . Li 17 Sn 4 has an fcc structure (space group F-43 m) with a = 1.96907 nm [53] . Its structure is very closely related to Li 22 The large, complex structure of the fully lithiated phase (cited in this work as Li 17 Sn 4 ) means its diffraction pattern features a great number of reflections, and many of these overlap with reflections associated with the other compounds formed by Li and Sn. This can make the analysis of Li-Sn diffraction patterns quite difficult; Table 2 lists the important d-spacings for each Li-Sn intermetallic to aid the discussion of the various diffraction patterns presented in this work. Of course, the materials studied here are not in equilibrium.
Other materials such as Si have been shown to expand anisotropically upon lithiation [25] . The anisotropic expansion of Si upon lithiation is attributed to the anisotropic diffusion rate of Li in Si, which is related to the cross-sectional area of the ''channels'' between columns of atoms. These channels are very small in h111i directions in the diamond cubic structure, and largest along the h110i directions. Preliminary results do not suggest this to be the case for Sn, even though a similar disparity in channel width exists. If the Sn does indeed expand isotropically, then the kinetics of the reactions in these experiments are likely too fast for the thermodynamically favorable diffusion pathways to dominate. This hypothesis is supported by the recent work of Luo et al. [29] who demonstrated that the lithiation of graphene-encapsulated Si nanoparticles proceeds isotropically at first, but after several minutes the interface between the lithiated and pristine material develops facets, suggesting anisotropic lithiation. However, it is important to note that so far, it has not been possible to identify such an interface between lithiated and pristine Sn in the materials used is this study.
Comparing the results of Figs. 3, 4, 5, 6, and 7, it is likely that the needle in Fig. 5 was not lithiated to as great an extent as the ones in Figs. 3 and 7 ; the rings in Fig. 6b match best with the lowest Li-content Li-Sn phases. In this case, an option in the controller software (i.e., the current range) that limits the nominal current through the holder to 10 nA was used. While the accuracy of such small current measurements is uncertain and the current through the needle is certainly considerably smaller than this value, the rate of the reaction was indeed greatly reduced in this experiment. The needle shown in Fig. 7 represents the opposite extreme; in this experiment, lithiation proceeded very quickly (i.e., in seconds), possibly due to a short circuit or overvoltage caused by a particularly thin or broken layer of Li 2 O. Clearly, improved methods for measuring the actual current will be required for quantitative analysis. The loss of diffraction contrast in the image, along with the diffuse rings in the diffraction pattern in Fig. 7c , suggests that this needle was partially amorphized during lithiation. The presence of spots within the diffuse rings indicates that some crystallinity remains. It is proposed that the very high reaction rate was responsible for partly amorphizing the needle.
There are some significant drawbacks of the technique currently being used that may contribute to such inconsistency. First, it is very difficult to control the size and shape of the Li counter-electrode, on a scale meaningful for in situ TEM, when the electrode is made by scratching Li onto a piece of wire in a glove box. The Li source used in the experiment that generated Fig. 5 featured a very small protrusion; while this was convenient for making contact with very small needles, it also made it difficult to maintain contact as material was drained from the protrusion. In comparison, the edge of the Li source in Fig. 3a protrudes much less, and has a much larger area of contact with the bulk of the electrode to draw lithium from. The same is true for the Li source in Fig. 7 . Second, when performing electrochemical experiments in a high-energy electron beam, the nominal potential difference between the two electrodes is inherently suspect. Related to this is the variable thickness of the Li 2 O layer formed on the Li electrode during transfer from the glove box to the TEM. Driving Li ions through a thicker electrolyte layer would be more difficult, and it is reasonable to expect that the reaction would proceed differently at the same (nominal) applied potential for different oxide layer thicknesses.
The lack of control over the size and shape of the lithium counter-electrode is a major drawback to this technique, as is the inability to reliably delithiate the needles. It is also, of course, not possible simultaneously to directly record in situ diffraction data while recording the images.
However, while the experiment summarized in Figs. 5 and 6 was different from the others, it may also have been the most representative of how this material really behaves in a full-scale battery. Figure 9 shows an image of the tin nano-needle anode after a single lithiation cycle in a coin battery. The needles are clearly still present as was found in the in situ TEM work and there is a clear SEI layer. Other coin cells were opened after various numbers of higher cycles which will allow a full, (separate) ex situ study of the development of the SEI layer, which is critical to the long-term operation of any lithium-ion battery.
The approach described in this work differs significantly from that of Li et al. [47] . The latter reports on Sn-C composite wires prepared by the reduction of SnO 2 wires, in comparison to the pure Sn needles reported here that have the advantage of being prepared by an industryscalable process. While the C coating appears to be advantageous in these in situ TEM experiments, both for improved conductivity and in limiting the volume expansion of the material, it is essential to remember that the ultimate application of these materials will be in real batteries with organic liquid electrolytes. It seems unlikely that a few-atomic-layer carbon coating will have a significant effect on the chemistry of the solid electrolyte Data are based on ICDD tables interphase (and by extension the performance of the electrode), and as such studies on pure Sn may provide information that is more relevant to the performance of the ultimate product of these studies. One of the main disadvantages of nanomaterials is their dependence on processes like the vapor-liquid-solid (VLS) growth mechanism [54] , which is used to grow Si (and other) NWs [55] [56] [57] [58] . This approach relies on the passage of the material of interest, in vapor (V) form, through a liquid (L) catalyst droplet, which mediates its deposition as a solid (S) on the substrate. The vapor-phase reactant(s) and liquid catalyst naturally require that the process takes place at high temperature, and the catalyst itself is generally an expensive metal. For example, Si NWs are grown with an Au catalyst at *500 C [59] , while C nanotubes have been grown with a Ni catalyst at *800 C [60] . The expense of high temperature processing is exacerbated by low growth rates, and the cost may be further increased for reactions that require an inert atmosphere. While this is certainly sustainable for creating model systems for exploratory studies, production of nanomaterials using the VLS mechanism is ill-suited to industrial-scale applications.
An alternative preparation route is to electroplate nanomaterials with the aid of a template; for Sn, this has been achieved, e.g., using anodic aluminum oxide as a template material [61, 62] . However, template-reliant processes are composed of many steps, which also limits scaling them up to commercial levels due to increased expense. Additionally, the template material is ultimately discarded, which would drive up the cost of anything produced by this type of approach.
The results described in this paper are unique in that they represent a material produced by an electroplating process that is both template free (i.e., quite simple) and low temperature; the arrays Sn nanoneedles can be formed on Cu substrates that are large enough to be relevant to the battery industry. This processing route can also be extended to other substrates, however, it is interesting to note that the intermetallic, Cu 6 Sn 5 , that can form when Sn needles grow on a Cu substrate has also been considered as a candidate for LIBs [63] .
Conclusions
It has been demonstrated that individual, single-crystal Sn nanoneedles can be studied during electrochemical lithiation inside the TEM. In most cases, the needles transformed into a polycrystalline Li-Sn intermetallic compound, though sometimes they appeared to amorphize if the reaction proceeded quickly enough. In many cases, the reaction could not be reversed, and it is unclear if this is a result of the properties of the lithiated needles or simply inconsistent performance of the special holder required to carry out these experiments. When the reaction was reversed successfully, it was discovered that the Sn needle reverted to its original singlecrystal, b-Sn structure.
These preliminary lithiation experiments on Sn nanoneedles raise many questions. It is possible that the lithiation rate is orientation dependent, and that a high rate of lithiation causes amorphization of the Sn needles. It is clear that the reaction is reversible in some cases and not in others. This can be related to variations in the quality of electrical contact between the electrodes between experiments; poor contact may be due to physical (volume changes of the electrodes) or chemical (impedance of the solid electrolyte layer or possible build-up of a high-impedance layer between the electrodes) phenomena that are difficult to control. It is particularly interesting that crystalline Sn can definitely be reformed upon delithiation of an Sn-Li compound. However, the fundamental lack of control over the exact experimental conditions from run to run makes the isolation of variables difficult. This control is being improved with the development of new on-chip devices [11, 64] , including devices allowing the use of other liquid electrolytes [65, 66] . It is stressed that it has been demonstrated that the electrochemical plating process used to produce the materials examined in this study means that they are indeed suitable for use in commercial coin cell batteries.
